Many chordate-specific and vertebrate-specific characters develop depending on retinoic acid (RA). Since the gene encoding the RA receptor exists only in chordates, RA function seems to be involved in the chordate evolution. A cDNA microarray analysis including 9287 non-redundant cDNA clones was attempted to screen for RA target genes in the ascidian Ciona intestinalis. In addition, the spatial expression pattern of 94 candidate RA-target genes was examined in the control and RA-treated embryos by in situ hybridization. Strong RA-induced upregulation of Hox-1 and Cyp26 was observed, as is the case with vertebrates. In addition, a number of novel candidate target genes were identified. These include transcription factors and signaling molecules, suggesting that various differentiation and/or morphogenetic pathways are modulated by RA. The expression of cell adhesion molecules, cytoskeletal proteins and extracellular matrix components was affected by RA. Changes in the expression pattern of these genes may be a direct cause of abnormal morphogenesis of the anterior neural tissues. RA also affected the expression of genes that seemed to be involved in neuronal functions.
Introduction
The urochordate ascidians share many characters with cephalochordates and vertebrates.
These include the gene expression pattern along the anteroposterior axis of the dorsally located central nervous system (Wada & Satoh 2001) , and the pharynx with ciliated gill slits (Jefferies 1986 ). Retinoic acid (RA) affects gene expression pattern and morphogenesis of both of these tissues in ascidians (Katsuyama et al. 1995; Hinman & Degnan 1998; , amphioxus (Escriva et al. 2002) , and vertebrates (Durston et al. 1989; Ruiz i Altaba & Jessell 1991) . Vertebrates have acquired neural crest, limbs and calcified bones during evolution from their ancestor, which is thought to look like the amphioxus or ascidian tadpole larva. RA modifies limb morphogenesis (Tickle et al. 1982) and vertebral identity (Kessel & Gruss 1991 ) and seems to be necessary for the neural crest differentiation (Villanueva et al. 2002) . Mutant analysis revealed that an RA-synthesizing aldehyde dehydrogenase, RALDH2, is necessary for vertebrate embryogenesis (Mic et al. 2002 ). An RA antagonist affects embryonic morphogenesis in amphioxus (Escriva et al. 2002 ). An Raldh2 homolog (Ci-Raldh2), recently identified in the ascidian Ciona intestinalis, is expressed in a few anterior muscle cells, suggesting its specific role in the embryo .
RA signal is mediated by a heterodimeric nuclear receptor consisting of the retinoic acid receptor (RAR) and retinoid X receptor (RXR). The RAR/RXR complex binds to specific DNA sequences, called RA response element (RARE), and activates gene expression depending on RA (Mangelsdorf & Evans 1995; Chambon 1996) . Functional RARs have been isolated from ascidians (Hisata et al. 1998; Kamimura et al. 2000) and amphioxus (Escriva et al. 2002) , but not from non-chordate invertebrates.
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Caenorhabditis elegans and Drosophila melanogaster do not contain any genes similar to the RAR in their well-characterized genome (The C. elegans Sequencing Consortium 1998; Adams et al. 2000) . These results suggest that use of RA as a signaling molecule for development is unique to the chordate lineage of evolution. Therefore, comprehensive and comparative characterization of RA target genes among the protochordate and lower vertebrate species will provide us with insights into the morphological evolution of chordates. The anteroposterior patterning of the central nervous system and development of pharynx may be achieved by genes that are under the control of RA in all chordate species. Genes regulated by RA only in vertebrates may be involved in the vertebrate-specific characters such as limbs, bones and the neural crest.
Direct RA target genes so far identified include those encoding RARβ2 (Mendelsohn et al. 1991) , RA-binding protein (CRABPII) (Durand et al. 1992) , and cytochrome P450 RA-degrading enzyme (CYP26) (White et al. 1997) . RA also regulates expression of Hox genes (Simeone et al. 1990; Gould et al. 1994; Manzanares et al. 2000) and Meis2 (Oulad-Abdelghani et al. 1997) . These genes are thought to be involved in the anteroposterior pattern formation in the vertebrate neural tube, particularly in the hindbrain region. RA affects expression pattern of developmental regulatory genes in amphioxus (Holland & Holland 1996) . RA upregulates Hox-1 ortholog (Katsuyama et al. 1995; , Cyp26 and some other genes in a few ascidian species. Recently, a few RA responsive genes were identified in F9 embryonal carcinoma cells (EC cells) by means of genomic fragment selection based on a gel mobility shift assay (Shago & Giguère 1996) . In addition, cDNA array analyses were attempted to screen RA-responsive genes in differentiating murine embryonic stem cells (ES cells) (Kelly & Rizzino 2000) and human EC cells (Freemantle et al. 2002) .
However, no systematic analysis has been carried out for embryonic RA target genes in any chordate species.
In the present study, we attempted to identify RA target genes in Ciona intestinalis embryos. There are many advantages of using this species. First, the draft genome sequence has been determined (Dehal et al. 2002) . The number of protein-coding genes in the Ciona genome is estimated to be ~16000, which is about half of those in the human genome (Dehal et al. 2002) . Second, an extensive analysis of expression sequence tags (ESTs) has been carried out , and more than 240000 cDNA clones have been sequenced to date (http://ghost.zool.kyoto-u.ac.jp/indexr1.html). Third, profiles of gene expression have been determined in eggs, embryos, larvae and young adults (Nishikata et al. 2001; Fujiwara et al. 2002; Satou et al. 2001; Kusakabe et al. 2002; Ogasawara et al. 2002) In the present study, we prepared a cDNA microarray containing 9287 independent cDNA clones obtained from the EST project. Using this DNA chip, we screened candidate embryonic RA target genes and examined their expression pattern in normal and RA-treated embryos.
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Materials and Methods
Microarray production
The Ciona intestinalis cDNA clones were obtained from the EST project (for review see Satou et al. 2002) . We amplified the cDNA by PCR in a 50 μl system using vector-specific amino-linked primers in a 96-well format. After checking by electrophoresis, PCR products were purified by 2-propanol precipitation. The luciferase gene (pGL2-Basic Vector, Promega) was used as an external control. The PCR products were dissolved in a spotting buffer [25% DMSO and 0.8x Polymer (FujiFilm, Japan)].
Following denaturation at 95°C for 3 min, the samples were spotted onto poly-L-lysine-coated microscope slides (Matsunami, Japan) with 24-solid pins at the pitch of 0.3 mm by an SPBIO 2000 arrayer (Hitachi Software Engineering, Japan). The slides were burnt at 80°C for 1 h in an oven, followed by exposure to 60 mJ of UV to immobilize the DNAs. We blocked glass surfaces with 175 mM succinic anhydride and 44 mM sodium borate (pH 8.0) in 1-methyl-2-pyrrolidinone.
Preparation of fluor-tagged probes
Ciona embryos were treated with 1 μM all-trans RA as described by . Control embryos were treated with dimethylsulfoxide (DMSO) that was used for preparation of RA stock solution. Total RNA was extracted according to Chomczynski and Sacchi (1987) , with slight modifications (Fujiwara et al. 1993) . Poly (A)+ RNA was then purified using Oligotex-dT30 Super (Takara, Japan). Ten micrograms of poly (A)+ RNA was incubated with 1.65 μg random 9-mer and 75 ng Anchored oligo d(T) primers (CyScribe First-Strand cDNA Labelling Kit, Amersham) at 70°C for 5 min. Samples 7 were then incubated with dUTP Nucleotide Mix and 2 μl of Cy3 or Cy5-dUTP (Amersham), 10 mM dithiothreitol, first strand buffer and 400 units of SuperScript II (SSII) (Gibco BRL) at 42°C for 2 h. The same units of SSII were added 1 h after incubation. The reaction was stopped by adding EDTA, mRNAs were hydrolyzed by incubation with NaOH at 65°C for 15 min. After neutralization by adding Tris-HCl (pH 7.4), the labeled cDNAs were washed with TE and concentrated by using .
Hybridization and analysis
Fluor-linked probes were adjusted to 4x SSC and denatured at 95°C for 2 min. Following the addition of 0.25% SDS, the probe was placed on the microarray under a cover slip (22 mm x 60 mm). Hybridization was performed in a humid chamber at 65°C for 36 h. The microarray was washed with 2x SSC containing 0.1% SDS, four times with 0.2x SSC, 0.1% SDS at room temperature, and twice with 0.2x SSC, 0.1% SDS at room temperature.
The microarray was dried up and immediately scanned by GenePix 4000B (Axon Instruments, Inc. USA). Analyses were performed using GenePix pro 3.0. The fluorescent intensity of each dye was separately scanned. We calculated the ratio of fluorescent intensities between two dyes on each spot (R/D), where R and D represent the fluorescent intensity resulted from an RA-treated probe and DMSO-treated probe, respectively. We conducted four independent experiments. As the hybridization efficiency differs among experiments, each R/D value was normalized to the median of the data set of each experiment. The geometrical average of R/D ratio among four experiments was calculated for each spot. Finally all the spots were ordered according to the averaged R/D from the highest value to the lowest.
In situ hybridization
In situ hybridization using whole-mount specimens were carried out as described by .
Results
Microarray analysis
We prepared cDNA chips for 9287 non-redundant Ciona intestinalis genes on single microscope slides. The cDNA clones were obtained from the libraries of cleavage-stage embryos , tailbud embryos , and tadpole larvae . As a control, 12 spots of the EF1α cDNA were arranged. The PCR-amplified cDNAs immobilized on the glass slides were hybridized with a mixture of fluor-linked probes, prepared from all-trans RA-treated embryos and DMSO-treated control embryos. RA treatment of embryos was started at the 32-cell stage and the embryos were collected for RNA extraction at the late neurula to initial tailbud stage. The hybridization was performed twice with a mixture of Cy3-labeled RA-induced probe and Cy5-labeled reference probe, and twice with reversed dyes. Geometrical average was calculated for each cDNA clone based on the four experiments. The processed data set was used in the following study. Scanned images and measured data appear in the web site (http://www.kochi-u.ac.jp/~tatataa/RA/RA-targets.html).
Distribution of average R/D ratio was shown by a histogram (Fig. 1) . The R/D value of 9266 clones (99.8%) lay between 2.0 and 0.5. And among them, 7148 spots were distributed between 1.20 and 0.80. The R/D values of the 12 EF1α spots deviated from 1.07 to 0.81. In the present study, we decided to choose the genes with R/D ratios higher than 1.40 as candidates for RA target genes, and those lower than 0.60 as candidate RA-downregulated genes.
Genes upregulated by RA
The average R/D of the top 58 cDNA clones was above 1.50, and that of the top 138 clones was above 1.40 ( Fig. 1 ; see also Table S1 in the web site described above). They include cDNAs for the Ciona homolog of Hox-1 (cDNA cluster ID 01890r1; R/D = 3.95) and cytochrome P450 RA-degrading enzyme CYP26 (13982r1, R/D = 4.83; 02210r1, R/D = 1.93) ( Table 1 ; . Their vertebrate counterparts are well-known RA-inducible genes (Manzanares et al. 2000; White et al. 1997) . The average R/D ratio of a homolog of Hox-4 or Hox-5 (14638r1) was 1.13 (Table S1) (Table 1) . In addition, a number of RA-upregulated genes seemed to be involved in housekeeping metabolisms. These include 08230r1 (UDP-glucose dehydrogenase, R/D = 1.76) and 10360r1 (NADPH-dependent flavin reductase, R/D = 1.72) ( Table 1 ). There were a few cDNAs for cell adhesion molecules, such as 05030r1 (integrin β, R/D = 1.57) and 03958r1 (integrin α, R/D = 1.41) (Tables 1   and S1 ). RA-induced upregulation of 96 out of 138 genes was reproducible in at least three out of four hybridization experiments.
Spatial expression pattern of 75 candidate RA-upregulated genes was examined in the control and RA-treated embryos by in situ hybridization (Table 1 and Fig. 2) . We also examined a few genes of which the geometrical average of R/D value was lower than 1.40 but the arithmetic average was higher than 1.40. RA-induced upregulation and/or ectopic activation were evident in 39 cases and slight upregulation was observed in 16 cases. In the other cases, the hybridization signal was not changed by RA treatment or not detected.
The in situ data for all the cDNA clones examined are published in the web site (http://www.kochi-u.ac.jp/~tatataa/RA/RA-targets.html).
RA-induced ectopic expression was usually observed in the entire epidermis.
Representative staining patterns obtained with 03348r1, 13207r1 and 00840r1 probes are shown in Fig. 2B , H and N, respectively. The adhesive organ (papillae) and the presumptive brain cells did not express these genes in RA-treated embryos (Fig. 2B, H, N) .
Note that the anterior neural tube failed to close and the presumptive brain cells were exposed to the dorsal surface ( Fig. 2B ; . In the control embryos, cluster ID 03348r1 and 13207r1 were expressed in the mesenchyme cells ( Fig. 2A, G) , while 00840r1 was expressed in the notochord and adhesive papillae (Fig. 2K, M) . The expression of 00840r1 was also observed in the brain, nerve cord and posterior head epidermis in the middle tailbud embryo (Fig. 2M) . Response of 00840r1 to RA was complicated. The expression in the brain, nerve cord, notochord and papillae was reduced and, instead, the epidermal staining became stronger (Fig. 2L, N) . Cluster ID 13982r1 was expressed in the presumptive brain cells (Fig. 2C, E) , and later in the nerve cord and epidermis in the neck region (Fig. 2E) . RA upregulated 13982r1 expression in almost all the tissues including the epidermis and the nervous system (Fig. 2D, F) .
Cluster ID 07316r1 (thyroid hormone receptor-associated protein TRAP100, R/D = 1.35) was expressed weakly in the head epidermis (Fig. 2I) . RA activated the expression of 07316r1 in the posterior epidermis (Fig. 2J) .
Genes downregulated by RA
The repertoire of 82 genes of which R/D ratio was under 0.60 was examined (Table S1 ).
The lowest R/D value was 0.39 (Table 2 ). Compared to the highest R/D value (4.83), the downregulation seemed to be moderate (Fig. 1) . A few downregulated genes were found to encode proteases. These include 01223r1 (SCO-spondin, R/D = 0.40), 01862r1 (Table S1 ).
Genes encoding cell adhesion molecules and extracellular matrix components are also listed. These include 04987r1 (collagen type XII, R/D = 0.44), 14146r1 (protocadherin, R/D = 0.49) and 10326r1 (E-selectin, R/D = 0.61) ( Table 2) . RA-induced downregulation of 68 out of 82 genes was reproducible in at least three out of four experiments (Table S1 ).
Spatial expression pattern was examined for 19 RA-downregulated genes by in situ hybridization (Table 2, Fig. 3 and the web site previously described). In situ analysis was also performed for a few genes of which the geometrical average of the R/D value was higher than 0.60 but the arithmetic average was lower than 0.60. Downregulation of the gene expression was obvious in 16 cases. Cluster ID 00999r1 (Suppressor of Fused, R/D = 0.80) was expressed in the brain of the control middle tailbud embryo (Fig. 3A) . The expression in the brain was missing in RA-treated embryos (Fig. 3B) . The expression of 00057r1 (14-3-3 protein, R/D = 0.61) and 00564r1 (non-functional folate-binding protein, R/D = 0.39) was ubiquitous, and reduced by RA treatment (Fig. 2C-F) . Cluster ID 01223r1 was expressed in the presumptive papilla region of the control middle tailbud embryo (Fig. 3G) . RA strongly downregulated the 01223r1 expression there (Fig. 3H) .
Expression of genes involved in RA-mediated developmental programs
We identified a Ciona homolog of RAR (CiRAR) in a previous study . Although direct positive autoregulation of vertebrate RARs was reported (Mendelsohn et al. 1991) , the CiRAR expression was rather repressed by RA . As was expected, the average R/D ratio of CiRAR (02405r1) was 0.82 (Table   3 ). The CiRXR expression was not affected by RA . The average R/D ratio of CiRXR (01435r1) was 0.89 (Table 3) . Both the microarray and in situ hybridization showed slight downregulation of β-tubulin (00086r1, R/D = 0.75) ( Table   3 ; . These results support our microarray analysis. We also examined the average R/D ratio of some other regulatory genes of which expression and/or function are involved in the RA-mediated developmental pathways in vertebrate embryos.
In vertebrates, Meis and Pbx homeodomain proteins contribute to the hindbrain patterning as the cofactors of Hox proteins (Waskiewicz et al. 2001; Maeda et al. 2002) . Slight upregularion of a Ciona homolog of Meis family genes (01440r1) was observed (R/D = 1.17) (Table 3) , and this has been confirmed by in situ analysis (K. Nagatomo et al., in preparation) . The expression of Meis2 has been demonstrated to be induced by RA in vertebrates (Oulad-Abdelghani et al. 1997; Freemantle et al. 2002) . A homolog of Pbx group genes was also upregulated by RA (R/D = 1.43) ( Table 3 ). There was no evidence for RA-induced Pbx expression in vertebrates, although the nuclear localization of Pbx protein correlates with the Meis expression (Toresson et al. 2000) . A cDNA clone encoding a homolog of the RA synthesizing enzyme RALDH2 (Ci-Raldh2; 07327r1) was also identified in Ciona intestinalis . Only slight downregulation of Ci-Raldh2 was observed by in situ analysis , and the R/D ratio (0.92) did not largely deviate from 1 (Table 3 ). In vertebrates, FGF suppresses the expression of the anterior genes, such as Cyp26 and otx, and thus activates Hox genes in the posterior neural tissues (Kudoh et al. 2002) . FGF also seems to activate Hox expression through activation of cdx homeobox gene (Bel-Vialar et al. 2002) . The expression of a Ciona homolog of cdx (Ci-cdx, 00319r1) was restricted to the tail epidermis and weakly expanded to the head epidermis in RA-treated embryos (K. Nagatomo et al., in preparation) . In the present study, the R/D value of Ci-cdx (0.86) did not largely deviate from 1 (Table 3) (Table 3) .
Discussion
Strategy and fidelity of the cDNA microarray-based screening for RA target genes
For preparation of fluor-tagged probes, Ciona embryos were treated with RA from the 32-cell stage. showed that the CiRAR mRNA was first detected at the 64-cell stage. In addition, it has been reported that the morphology of RA-treated embryos was indistinguishable if RA treatment was started sometime between the 2-cell stage and the gastrula stage (Denucé 1991; De Bernardi et al. 1994) . The treated embryos were collected for RNA extraction no later than the initial tailbud stage. This was because we did not want to pick up signals caused by indirect (secondary) effect. In normal embryos, the expression of a Ciona homolog of Hox-1 (CiHox-1) becomes detectable at this stage , and the vertebrate Hox-1 expression is an immediate direct response to RA (Simeone et al. 1991; Langston & Gudas 1992; Ogura & Evans 1995) . In the present study, both upregulation and downregulation were moderate and distribution of R/D values was small. This seems consistent with what was expected if we actually detected an early response. However, we detected a few cDNA clones with distinct downregulation. Given that RAR activates transcription when it binds RA, the secondary effect was detected for these cases. It has recently been shown that the CiHox-1 expression was highly upregulated by RA at the middle gastrula stage . Induction without protein synthesis and/or identification of RA response element in the enhancer region is required for the conclusion that each candidate target gene directly responds to RA.
In the present study, most of the top 58 and last 82 cDNA clones showed consistent results in three or four independent experiments. In situ analysis confirmed RA-induced changes in the expression pattern of the majority of candidate RA-responsive genes.
Deviation of 12 EF1α spots was very small, suggesting that our microarray data are reliable. The average R/D ratio of 7148 cDNAs lay between 1.20 and 0.80, which seems reasonable considering that the expression of most genes is not directly affected by RA.
In the present study, we also found homologs of well-known vertebrate RA target genes in the list of cDNA clones of upregulated genes. Among them, a Cyp26 homolog (13982r1) and a Hox-1 homolog (01890r1) marked high R/D value. RA-induced activation of these genes in ascidian embryos has been demonstrated (Katsuyama et al. 1995; , supporting the validity of the microarray data. A Meis homolog (01440r1) showed weak upregulation (R/D = 1.17). In fact, unequivocal but very slight expansion of the expression domain of this gene was observed in RA-treated Ciona embryos (K. Nagatomo & S. Fujiwara, in preparation) . It is therefore important to consider the genes with an R/D value near 1.00 in the future study.
Role of endogenous RA and effect of exogenous RA
The expression of integrin subunits was found to be activated by RA. Upregulation of integrin genes was commonly observed during RA-induced differentiation of ES cells and EC cells (Kelly & Rizzino 2000; Freemantle et al. 2002) . However, a few other cell adhesion molecules, cytoskeletal elements and extracellular matrix components were downregulated by RA. In RA-treated Ciona embryos, the anterior neural tube fails to close and the presumptive brain cells are exposed to the dorsal surface of the head region (Denucé 1991; . Disordered expression pattern of cell adhesion molecules, cytoskeleton and extracellular matrix may interfere with correct cell movement and cause abnormal morphogenesis.
Many of the candidate RA target genes appear to be involved in the neuronal functions. This suggests that RA affects not only the morphogenesis but also the differentiation of the neural tissues in the Ciona embryo. However, the expression pattern of many neural marker genes, such as synaptotagmin (01098r1), was not affected (see Table S1 ; K. Nagatomo, unpublished data). The neural differentiation pathway therefore seems to partially proceed and in a partially disturbed manner in RA-treated embryos . The differentiation of various types of neurons may thus be impaired by an imbalance of the expression pattern of genes responsible for their function.
Cell fate determination in the central nervous system is controlled by a number of transcription factors such as Hox proteins in vertebrates (Glover 2001) . RA causes the posteriorization of the rhombomere identity (Marshall et al. 1992) . This homeotic transformation is mainly derived from the altered expression pattern of Hox genes.
Strong activation of Hox-1 gene by RA has been commonly observed in all the chordate species so far examined (Katsuyama et al. 1995; Holland & Holland 1996; Manzanares et al. 2000; . In our EST data, a Hox-4/5 homolog (14638r1) has been identified in Ciona. Activation of this gene by RA was not obvious in the present study. In ascidian embryos, the anteroposteriorly organized expression pattern of Hox genes is similar to that observed in vertebrate embryos (Katsuyama et al. 1995; Gionti et al. 1998) . However, posterior Hox gene expression starts at a rather late stage of embryonic development in ascidians (Gionti et al. 1998) . Soon after the establishment of posterior Hox expression domain in the larval tail, tadpole larvae retract their tail and start metamorphosis. Therefore, it seems difficult to think of practical roles of the posterior Hox genes in specifying the identity of the neural and mesodermal tissues along the anteroposterior axis. There is no obvious indication of homeotic transformation in RA-treated ascidian embryos, although the morphogenesis of the anterior structure is largely defective .
Complicated RA action in the multicellular embryos
The repertoire of candidate RA target genes was largely different from that obtained from a similar analysis performed using murine ES cells (Kelly & Rizzino 2000) and human EC cells (Freemantle et al. 2002) . Cultured cells provide us with a simplified model system for analyzing cell growth and differentiation. However, the same signal can elicit different response depending on cytoplasmic and nuclear factors of different cell types.
In this context, upregulation of a homolog of the orphan nuclear receptor COUP-TFII (00968r1) seems interesting. COUP-TF was reported to inhibit RAR-mediated RA-dependent transcriptional activation (Tran et al. 1992) . In contrast, another line of evidence suggests that COUP-TF confers competence for RA signal on certain types of cells (Wu et al. 1997) . Related to this, RA degrading enzyme CYP26 (13982r1) was also strongly upregulated by RA. Changes in the expression pattern of enzymes involved in RA metabolism and factors modulating RA signal transduction are commonly observed in vertebrate systems (Kelly & Rizzino 2000; Freemantle et al. 2002) . Response to RA signal should therefore be different depending on the cell types and be modulated by RA itself. Two distinct enhancers, each containing a single RARE, of Hoxb-1 gene have been characterized (Ogura & Evans 1995) . Both enhancers require RARE but are activated in different tissues at different stages of development. This also clearly indicates that other tissue-specific and stage-specific factors are responsible for each enhancer to respond to the RA signal (Ogura & Evans 1995) .
In the present study, candidate RA target genes showed a variety of spatial expression patterns. RA upregulated the expression of a sodium-dependent neurotransmitter transporter homolog (00840r1) in the epidermis and at the same time downregulated the same gene in the notochord and the adhesive papillae. This complicated pattern of expression should be studied further in relation to the above mentioned modulator proteins in the future. In addition, ligand-independent repressor activity of the RAR/RXR heterodimer may be required for correct expression patterns of some genes in the normal embryo. Actually, repressor activity of unliganded RAR was demonstrated to be necessary for the development of the forebrain in Xenopus (Koide et al. 2001) . Many genes were activated in the epidermis of RA-treated embryos. The epidermal lineage cells express CiRAR mRNA before gastrulation so that the CiRAR protein is expected to exist in the entire epidermis . However, RA is thought to be synthesized in restricted tissues around the neck region , suggesting that CiRAR functions without ligand in the anterior head region and posterior tail region.
Perspectives
Since many chordate-specific morphogenetic characters are formed depending on endogenous RA signals, it is of great interest to know how RAR has recruited target genes during chordate evolution. Comparison of RA target genes among ascidians, amphioxus and lower vertebrates should be informative for understanding the molecular mechanisms of genetic and morphogenetic evolution. Analysis of upstream regulatory sequences of target genes is also important. To identify which target gene is responsible for a certain differentiation or morphogenetic pathway, overexpression and/or mis-expression experiments without RA treatment will be necessary. The present study revealed a 20 number of novel RA target genes and will contribute to comprehensive understanding of RA function in the development and evolution of chordates. In the middle tailbud embryo, the expression of 00840r1 is detected in the papilla (pa), brain (br), nerve cord (nc) and head epidermis (ep) (M). The RA-induced expression pattern is almost indistinguishable from that of 13207r1 and 03348r1 (N). (H) RA downregulates the expression of 01223r1 to an almost undetectable level. Table 3 . Genes of which function and/or expression are involved in the RA-mediated developmental programs
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